Over the last two decades, considerable effort has been made to better understand putative regulators and molecular switches that govern the cell cycle in attempts to reactivate cell cycle progression of cardiac muscle. Rapid advancements on the field of stem cycle biology including evidence of cardiac progenitors within the adult myocardium itself and reports of cardiomyocyte DNA synthesis, which each suggest that the adult myocardium may in fact have the capacity for de novo myocyte regeneration. Augmenting cardiomyocyte number by targeting specific cell cycle regulatory genes or by stimulating cardiac progenitor cells to differentiate into cardiac muscle may be of therapeutic value in repopulating the adult myocardium with functionally active cells in patients with end-stage heart failure. Advancements in the area of cardiomyocyte cell cycle control and regeneration and their therapeutic potential are discussed.
Introduction
Heart disease represents a major cause of morbidity and mortality and is reaching pandemic proportions worldwide. In particular, the increased incidence of patients with heart failure has largely been attributed to the widespread adoption of western diet in developing and third world countries. Risk factors including uncontrolled hypertension, diabetes, smoking, sedentary life style, and viral infection have been identified as key underlying factors that contribute to the demise of ventricular performance and heart failure. Given the meager and limited ability of cardiac muscle for repair and/or self-renewal after injury, an inordinate loss of working ventricular muscle cells has been suggested to be a predominant underlying cause of contractile failure in patients with ischemic heart disease or impaired coronary reserve.
Following myocardial injury, a series of biochemical and local neurohormonal events are initiated resulting in release and activation of bioactive molecules such as angiotensin II, endothelin, aldosterone, and inflammatory cytokines. These act in a paracrine or autocrine manner to reprogram the myocardium at the cellular and molecular levels [1] . Distinct phenotypic changes at the cellular and subcellular levels result in both structural and functional changes to the myocardium resulting in heart hypertrophy. However, in a number of individuals for reasons unknown, these adaptive physiological processes eventually fail, resulting in a diminished cardiac pump function and overt heart failure. While the molecular events and signaling pathways that underlie heart failure remain cryptic, there is general consensus that heart failure results from one or more mutually related events. In this context, defects in calcium handling proteins of the sarcoplasmic reticulum [2, 3] , increased oxidative stress, from a reduction in antioxidant reserve [4, 5] , mitochondrial defects [6, 7] , genetic alterations to key myofibrillar proteins [8] and extracellular matrix proteins [9] have been identified to be crucial events in the remodeling process that underlie ventricular dysfunction and heart failure.
Recently, there has been considerable interest in the role of apoptosis in heart failure. Undoubtedly, the acute loss of working ventricular myocytes in the absence of de novo myocyte regeneration could be seen as a major clinical impediment and underlying event leading to heart failure. There is now considerable evidence from studies in animals as well as in humans that documents an increased apoptotic index in the failing heart [10, 11] . Whether the loss of cells through an apoptotic process is adaptive, maladaptive, or contributes to ventricular remodeling and failure is less clear and remains an active area of inquiry. However, the development of new therapeutic strategies to improve cardiac cell number has been identified as a means to improve cardiac function after injury. Although recent studies have detected stem cells within the myocardium, the impact of myocardial infarction outweighs the repair capacity of these cells [12] [13] [14] . Pharmacological and surgical revascularization is a cytoprotective treatment, but so far, they cannot compensate for cell loss. Inasmuch as myocyte number can directly influence cardiac pump performance, the definitive therapeutic goal in treating patients with heart failure would be to either preserve the number of pre-existing myocytes or to increase the number of functionally active force generating cells through de novo regenerative processes. Many exciting approaches have been postulated in efforts to achieve this therapeutic objective. These include the inhibition of apoptosis [15, 16] , the transdifferentiation of nonmuscle cells to muscle cells [17] , the exogenous grafting of skeletal and cardiac myoblasts into infarcted myocardium [18, 19] , the incorporation of pluripotent bone marrow progenitors [20] into the myocardium, and the genetic manipulation of key cell cycle regulator factors to effects of cell cycle progression and DNA synthesis in the postmitotic adult myocardium [21, 22] .
Regulators of cell cycle-the basics
Organogenesis and the renewal of differentiated cell types depend upon a delicate balance between the proliferation of cells and cell death. While this is true of most cell types throughout their life, cardiomyocytes, among few other cell types, withdraw from the cell cycle during the perinatal period of development. Thereafter, cardiomyocyte hypertrophy prevails as the primary mechanism of myocardial growth to support increases in myocardial demand and/ or to compensate for cardiomyocyte cell loss during cardiac disease states [23] [24] [25] .
Cell proliferation is a tightly controlled process mediated by internal and external signals. Growth factors stimulate the replication process, but it is an intricate intrinsic control mechanism that determines whether the cell is ready to proceed through the ordered set of events, the cell cycle, which culminate in the production of two daughter cells. The cell cycle consists of four phases ( Fig. 1 ): M (Mitosis), G1 (Gap 1), S (Synthetic), G2 (Gap 2), and M phase or mitosis, the period of the cell cycle during which nuclear division occurs. In a carefully orchestrated manner, the nuclear envelope breaks down, chromosomes condense and align at the metaphase plate, and duplicated chromosomes are segregated to opposite poles of the cell. Cytokinesis marks the end of mitosis. The period between one mitosis and the next is known as interphase and consists of the G1, S, and G2 phases of the cell cycle. Immediately following mitosis and in response to appropriate mitogenic signals, the cell enters G1. G1 is one of two important periods of cell growth that occur prior to the next mitosis. During G1, the cell produces enzymes necessary for nucleotide metabolism, which will take place during the next phase of the cell cycle, S phase. If the cell is not committed to entering S phase, it can enter a state of quiescence known as G o . Depending on the cell type and environmental factors, G o can vary in length from days to years. Once exited from G o , cells progress to S phase during which DNA replication occurs. G2 is the second important period of cell growth and precedes mitosis. G2 ensures that DNA replication is complete before mitosis can occur and is the period during which the chromosomes start to condense.
Cell cycle progression is controlled by a complex system of proteins that coordinate the biochemical events within the cell necessary for cell division. These proteins include cyclins, cyclin-dependent protein kinases (Cdk), Cdkactivating kinase (CAK), Cdk inhibitors, and members of the Retinoblastoma (Rb) family which function at different stages of the cell cycle. Cyclins are the regulatory subunit for the activity of Cdks. Each cyclin contains a region called the cyclin box which is involved in the binding of specific Cdks [26] . In complex with cyclins, they phosphorylate proteins at critical serine and threonine residues to drive the cell cycle. The G1 cyclins include cyclin D1, D2 and D3, and cyclin E. They are expressed consecutively throughout G1 and are required for entry into S phase. Complexes of the D-type cyclins with Cdk4 and Cdk6 play a critical role in a cell's transition from G o to G1. Growth factors induce synthesis of D-type cyclins via the Ras/Raf/ERK signaling pathway. In cycling cells, cyclin D is constitutively produced but continuously turned over as a result of phosphorylation of a conserved threonine by glycogen synthase kinase-3g, followed by proteasome degradation [27] . Cyclin E is expressed later in G1 and together with Cdk2 promotes entry into S phase. Moreover, G1 cyclins facilitate phosphorylation of members of the Retinoblastoma family of pocket proteins (pRb, p107, and p130), promoting the activation of cellular transcription factors that are required for cell proliferation. Other cyclins, cyclin A and B, are expressed during S phase and G2/M. DNA synthesis is contingent upon complexes of cyclin A and Cdk2. Cyclin B synthesis begins in S phase, and the protein accumulates through to G2 phase as it forms a complex with Cdc2. The assembly, activation, and disassembly of cyclin B/Cdc2 complexes modulate entry and exit from mitosis.
The tumor suppressor proteins
The retinoblastoma gene product pRb is a tumor suppressor protein and member of the bpocket proteinQ family consisting of pRb, p107, and p130 (reviewed in Ref. [28] ). pRb was first identified as a putative negative regulator of cell growth by the observation that functional loss or inactivation of pRb correlated with the development of a variety of human malignancies. These include retinoblastoma, a rare inherited childhood eye tumor [29] as well as breast, bladder, and prostate carcinomas as well as glioblastoma and leukemia [30, 31] . The biochemical property of pRb, which enables it to suppress growth, has largely been attributed to its ability to negatively regulate the cell cycle by sequestering E2F transcription factors, particularly E2F-1, via its large A/B pocket domain (amino acid residues 379-869). Hypophosphorylated pRb sequesters E2F1 in G 0 and G1. The phosphorylation of pRb by G1 cyclins (D1, D2, D3, and E)/Cdk complexes promotes the release of E2F-1 from the inhibitory pocket. E2F-1 is then free to modulate the transcription of genes important for the G1 transition to S phase, including DNA polymerase a, c-myc, dihydrofolate reductase, and thymidine kinase. In S phase, E2F-1 interacts with and becomes phosphorylated by cyclin A/Cdk2 resulting in its inactivation [32] , as shown in Fig. 1 . Subsequently during M phase, Rb becomes dephosphorylated, enabling it to reassociate with E2F during G o .
To date, seven homologues of E2F (E2F-1 to E2F-7) have been identified. pRb interacts with E2F-1 to -3, while E2F-4 and E2F-5 primarily associate with p107 and p130 [33, 34] . E2F-6 does not interact with pocket proteins [35] . An association between E2F-7 and a pocket protein is undetermined. In cells, E2F-1 to E2F-6 bind to DNA in heterodimeric complex with a member of the DRFT1-polypeptide family (DP1 and DP2) [36] . E2F-7 is unique in that it binds to DNA independent of a DP partner [37] . The basic structure of E2F proteins includes an N-terminal DNA-binding domain, a central dimerization domain, and a C-terminal transactivation domain. The C-terminal transactivation domain contains the docking site for the pocket proteins. E2F-1, E2F-2, and E2F-3 also contain an Nterminal cyclin/Cdk binding site as well as a nuclear localization sequence, whereas E2F-6 lacks the transactivation domain. E2F-7 is comprised only of two independent DNA binding domains, setting it apart from the other E2Fs. While the majority of E2F family members share significant structural homology, they differ with respect to their abilities to promote cell growth and cell death, respectively. E2F-1, E2F-2, and E2F-3 can override G1-mediated growth arrest and reactivate DNA synthesis in quiescent cells. In contrast, E2F-4 and E2F-5 marginally stimulate S phase entry [38, 39] . The mechanism by which E2F factors influence cell growth may be related to their ability to interact with specific pocket protein members, basal transcription factors such as TFIIH and TBP, as well as recruit the CBP/p300 histone acetylase [40, 41] .
Regulation of Cdk activity during the cell cycle
The major transitions of the cell cycle are controlled by the cyclin/Cdk complexes and as such, numerous mechanisms have evolved to regulate this important function (reviewed in Ref. [42] ). Regulation begins with assembly of the cyclin/Cdk complex. Cyclins display a periodic pattern of expression. They accumulate during different phases of interphase and then rapidly degrade before the next round of the cell cycle. Once the Cdk has associated with its cyclin partner, it is not catalytically active until it is phosphorylated on a threonine around position 160 by Cdk-activating kinase (CAK), an enzyme comprised of Cdk7 and cyclin H. The cyclin/Cdk complexes are also subject to negative regulation. Proteins known as Cdk inhibitors (CKIs) INK4d ) bind directly to Cdk4 and Cdk6, and thus inhibit only D-type cyclin/Cdk4/6 complexes. In addition, Cdk2 and Cdc2 are regulated by inhibitory phosphorylation of N-terminal tyrosine14 and tyrosine15 [43] . Members of the Cdc25 family of protein phosphatases reverse this effect, thus enabling Cdk activity.
Promoting cell cycle re-entry in cardiac myocytes
Cell cycle withdrawal is believed to be the primary mechanism for the dramatic reduction in proliferative capacity of cardiomyocytes. In the human heart, cardiomyocytes cease dividing between 3-6 months after birth, whereas in the postnatal rat heart, this occurs between days 3 and 4, with evidence of G o /G1cell cycle arrest [44] [45] [46] [47] . These and other studies have supported the longstanding dogma that cardiomyocytes do not regenerate. Challenging this dogma, however, are two recent reports of cardiomyocyte cell division in the failing and infarcted human heart [48, 49] . If adult myocytes do in fact undergo cell division, it does not appear to be sufficient to balance the loss of working myocytes that compromises heart function leading to heart failure [50, 51] . Therefore, among the therapeutic strategies to reduce the morbidity and mortality of patients with heart failure, reactivating cardiomyocyte proliferation through the regulation of cell cycle regulators is particularly appealing. Proliferating cells express high levels and activity of cell cycle promoting factors such as cyclins D1, E, A, and B, Cdk2, Cdk4/6, and Cdc2 as well as E2F family members and low levels of the Cdk inhibitors p21 Cip1 and p27 Kip1 [44, 45, 52] . In contrast, a marked down regulation of cell cycle promoting factors and increased activity and/or expression of cyclin/Cdk inhibitors is observed in the postmitotic adult heart [44, 45, 53] . Immunodepletion of p21
Cip1 has been shown to increase Cdk2 activity in adult cardiac cell lysate [45] . Strategies to induce cardiomyocyte proliferation have therefore been directed towards the genetic manipulation of cell cycle regulatory factors to promote cell cycle progression.
In recent years, an increasing number of reports have suggested that cardiomyocyte cell cycle reentry can be achieved through the manipulation of specific cell cycle regulatory proteins. For example, constitutive expression of c-myc mRNA in the heart resulted in enhanced hyperplastic growth during fetal development, presumably through the activation of cyclin E/Cdk2 [54, 55] . In another study, transgenic hearts that expressed high levels of Cdk2 mRNA showed significantly increased levels of Cdk4 and cyclins A, D3, and E and augmented DNA synthesis in the adult hearts but lacked significant differences in heart weight to body weight ratios compared to wild-type mice [56] . Transgenic mice overexpressing cyclin D1 showed elevated levels of Cdk2 and Cdk4 as well as increased DNA synthesis and multinucleated cardiomyocytes in the mature animal [57] . While the manipulation of these cellular factors to promote cardiomyocyte cell division in the postmitotic adult heart has been mostly unsuccessful, p27
Kip1 knockout mice have been shown to have larger hearts with more cardiomyocytes compared to p27
Kip1 +/+ mice. Analysis of myocytes demonstrated a greater proportion of cells in S phase and fewer in G o /G1. The authors suggest that loss of p27
Kip1 prolongs the duration of cardiomyocyte division after birth [58] . Interestingly, postnatal cardiomyocyte hyperplasia has also been recently demonstrated in cyclin A2 overexpressing mice [59] . Cyclin A2, which is silenced in the postnatal heart, is an important mediator of S phase in cells. Chaudhry et al. report cardiac enlargement and evidence of mitosis during postnatal development of cyclin A2 transgenic hearts that is absent in wild-type hearts. Independently, these studies support the possibility of modifying a cell's internal cell cycle clock to extend its proliferative potential [60] .
The ability of Rb and related family members to sequester E2F proteins also plays an important role in cell cycle control. Viral proteins such as adenovirus E1A, human papilloma virus E6, and SV40 large T antigen (SV40) that bind to and inactivate Rb and p107, promote G1-exit of nonproliferating cells. In postnatal ventricular myocytes, E1A expression results in partial cell cycle reactivation including DNA synthesis with cells arresting in G2/M [21] . Moreover, expression of E2F-1 in cardiac muscle alone is sufficient to reactivate DNA synthesis in adult ventricular muscles in vitro and in vivo [22, 61] , supporting the role of Rb and related family members as key regulators of cell cycle control. However, a compounding effect of reactivating DNA synthesis in cardiac muscle by E1A or E2F-1 proteins is an increased incidence of apoptosis that can be abrogated by Bcl-2, adenovirus E1B proteins, or insulin-like growth factor (IGF-1) [22, 62] . In contrast, delivery of SV40 to cardiomyocytes has been shown to promote G1 exit and augment growth of atrial and ventricular myocytes without provoking apoptosis [63] [64] [65] . These differences may reflect differential effects conferred by binding partners. Indeed, SV40 has been found to have two unique binding partners, the proapoptotic proteins p193 and p53. Interestingly, inactivation of both p53 and p193 pathways block E1A-induced apoptosis, allowing an unimpeded proliferative response similar to that seen with SV40. Moreover, these results suggest that p53 and p193 coordinate the signals which control cell cycle and cell death pathways mediated by viral proteins. Manipulation of one or more tumor suppressor proteins in combination with increased expression of cyclin and CdK proteins may together be sufficient to overcome the G2-M checkpoint without provoking apoptosis.
Cell transplantation
An alternative approach for regenerating cardiac muscle involves repopulating the damaged or diseased myocardium with pluripotent stem cells. Stem cells are characterized by their unique ability for prolonged self-renewal through cell division and their ability to differentiate into one or more mature cell types. Several recent studies have evaluated the efficacy and feasibility of using pluripotent cells for as transplantation therapy [66, 67] .
Embryonic stem cells (ESC) derived from the blastocyst are pluripotent and capable of developing into different cell types of the body. In contrast, however, adult stem cells derived from bone marrow exhibit a more limited ability to be phenotypically reprogrammed. Restrictions placed on the use of embryonic stem cells for obvious ethical considerations have limited their immediate experimental and clinical use, which has been the driving impetus for developing alternative strategies using adult stem cells for cell therapy. Advancements in the area of stem cell biology raise the interesting possibility for de novo generation or phenotypic conversion of endothelial progenitor cells, bone marrow derived, or hematopoietic stem cells into cells of the cardiac lineage [68] [69] [70] [71] . Moreover, several reports now purport the exciting prospects of using these cells to improve cardiac function after injury [70] . Perhaps even more compelling is the recent discovery of cardiac progenitor cells within the adult myocardium itself [72, 73] . These cells likely hold the most promise as the bholy grailQ for regenerating adult myocardium after injury.
Conclusions
Despite many unresolved issues, new innovative gene therapy strategies to genetically reactivate DNA synthesis and cell progression in the adult myocardium together with cell transplantation therapies to repopulate damaged or diseased myocardium with pluripotent progenitors each suggest the exciting possibility for regenerating cardiac muscle postmyocardial infarction and/or enhancing cardiac performance in patients with heart failure or diminished cardiac performance.
